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Catecholamine releasea b s t r a c t
The membrane of dense-core vesicles is present only in neural cells, where it is instrumental to the
regulated discharge of important molecules such as the catecholamine neurotransmitters. The
mechanism underlying the speciﬁcity of this membrane to certain cell types has so far been unclear.
Studies of this problem have been carried out by employing the pheochromocytoma PC12 cell line
and its clones defective of dense-core vesicles. REST, the transcription repressor expressed at high
levels in non-neural and at very low levels in neural cells, was found to regulate the genes encoding
almost all the proteins of both the core and the membrane of the dense-core vesicles, including the
transporter for catecholamines and the SNAREs for their exocytosis. Moreover, REST appears to con-
trol the assembly of the vesicle membrane. The role of REST in the various steps of the expression
and function of the dense-core vesicle membrane is critical during development and participates
in the dynamic regulation of mature cell physiology.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
In eukaryotic cells many cytoplasmic membranes, such as those
of the ER, Golgi complex and mitochondria, are ubiquitous. Others,
however, are present only in specialized cells. Among these are the
membranes of the organelles competent for regulated secretion,
the granules/vesicles present only in professional secretory cells.
Here we will focus on the membrane of one such organelle, the
dense-core vesicle (DCV), expressed by neurons, by neural cells
that share with neurons their origin, such as the chromafﬁn cells,
by their differentiated tumors, and by at least some astrocytes
[1–5]. When considered together these cells will be referred to as
neural cells; the membrane that surrounds the core of their DCVs
will be referred to as the DCV membrane.
DCVs are distinct from the synaptic/synaptic-like/clear vesicles,
the other main secretory vesicles of neural cells, and from the gran-
ules of endocrine cells with which, however, they share some com-
ponents; from the dense-core vesicles of non-neural cell types, such
as platelets; from secretion granules of non-neural glands; and also
from lysosomes, part of which appear competent for regulated exo-
cytosis, however with properties different from those of DCVs [2,3].The presence of DCV membranes in a cell depends on at least two
processes: the expression of their components, in particular their
proteins; and the sorting of these proteins to the DCVs [2–4,6].
The function of themembranes includes the accumulation of neuro-
transmitters and ions by speciﬁc transporters and pumps, and their
fusion with the plasma membrane by a process of regulated exocy-
tosis [2–4]. During the last few decades these processes have been
intensely investigated by many laboratories in various cell types.
The preferred experimental model employed in our laboratory is
composed not by a single type of cell but by clones of the rat pheo-
chromocytoma cell line PC12 exhibiting either thewild-type pheno-
type, including bona ﬁde DCVs (WT-PC12), or a phenotype lacking
DCVs and other properties (Fig. 1(a) and (b)). Studies by us and oth-
ers have shown the defect of the latter clones to depend on their
high levels of the transcription repressor REST (RE-1 speciﬁc Silenc-
ing Transcription factor), otherwise referred to as NRSF.
Since its discovery in 1995, the role of RESTwas investigated pri-
marily in relation to neural cell differentiation. The extensive evi-
dence accumulated during the ﬁrst decade of its investigation
demonstrated that the repressor, when present at high levels as in
stem and early precursor cells, precludes the expression of a large
number of genes encoding proteins typical of neural cells by binding
directly to the speciﬁc binding sequence, RE-1, included in their
promoters. During maturation of progenitors to neural cell (but
not to most non-neural cells) the levels of REST were shown to drop
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a key role in the establishment of the speciﬁc neural phenotype
(Fig. 2). Because of these properties REST is widely considered as a
master factor of neural cell differentiation [7–9].
In the initial studies on REST, the genes and proteins to be
investigated were often chosen as markers, paying little attention
to their coordinate function. As a consequence, the possibility that
REST plays an important role also in mature cells, governing the
expression and function of structures such as speciﬁc membranes,
had not been taken into consideration. Work of the last several
years has demonstrated however that this is the case with the
DCV membranes. Here we will summarize the evidence obtained
by the comparative study of PC12 clones competent and not for
neurosecretion. The PC12 clones lacking the latter process will be
referred to as the defective or the high-REST PC12 clones.
2. PC12 clones with and without neurosecretion
WT-PC12 cells exhibit a differentiated phenotype characterized
by typical DCVs similar, although smaller, to the DCVs of chromafﬁnFig. 1. WT and defective PC12 clones: electron microscopy of single cells and expression
PC12 cells. Notice the numerous DCVs often distributed adjacent to, or at short distance fr
visible in the cytoplasm are long ER cisternae, mitochondria and several vesicles, but no
the levels of REST mRNA (revealed by RT-PCR) and protein (revealed by western blotting)
differences of REST levels between WT and defective PC12 clones.cells (Fig. 1(a)). During long-term treatment with NGF the pheno-
type of PC12 is progressively converted from cromafﬁn-like to neu-
ron-like, with outgrowth of neurites, appearance of speciﬁcmarkers
and block of proliferation [10]. Because of these properties, PC12
cells have enjoyed great popularity as a model of neurosecretory
cells, being employed to investigate a variety of speciﬁc processes,
from gene expression to neurotransmitter release, neurite out-
growth and neurognesis.
The typical neurosecretory phenotype, however, is not general
among PC12 cells. Studies carried out in several laboratories have
identiﬁed, in fact, a few spontaneously defective clones character-
ized by the lack of DCVs (Fig. 1(a) and (b)) and of catecholamine
secretion [11–13]. In other neurosecretory cell lines, clones lacking
DCVs had also been reported. In those cases, however, the defective
phenotype had been shown to disappear with changes of culture
conditions or upon prolonged stimulatory treatments. This was
shown not the case of the defective PC12 clones. Rather, their cells
were found to keep their phenotype even after fusion with WT-
PC12 cells, suggesting their properties to depend on the expression
of one (or more) repressive factor(s) [12–14]. Initially, the defect ofof REST in terms of mRNA and protein. Panel (a) shows the typical phenotype of WT-
om the plasma membrane. Panel (b) shows a cell of a defective clone. The structures
DCVs, which are not present in these cells. Panel (c) and (d) show the differences in
in a WT and in two defective clones labeled PC12-27 and PC12-TrkA. Notice the huge
Fig. 2. Structure, function and expression of REST. The top image shows the organization of the REST repressor. Its central domain, composed of 8 zinc ﬁngers, is speciﬁc for its
binding to RE-1, its conserved 21–23 nucleotide DNA sequence; the two domains in the proximity of the N and C termini are speciﬁc for the assembly of the repression
complexes. The bottom image to the left shows how REST assembles its repression complexes. The repressor ﬁrst binds RE-1, the sequence included in the promoter of target
genes often encoding neural proteins; then assembles the two complexes, both involved in the repression of transcription. The amino terminus recruits the co-repressor Sin3
and the histone deacetylase 2 (HDAC), the enzyme that deacetylates at critical sites (such as the K9 residue of histone 3) the histones adjacent to the gene; the carboxy
terminus recruits, via the speciﬁc co-repressor Co-REST, a large complex containing, in addition to HDAC2, also LSD1, that demethylates the K4 residue of histone 3; the SWI/
SNF remodelling components (not shown); MeCP2, which binds speciﬁcally to and methylates the DNA; the structural DNA-binding protein BRAF35 and others. The bi-
oriented arrow indicates that the composition of the repressive complexes is not ﬁxed but can change depending on the gene that is repressed. The image to the bottom right
illustrates the changes of the REST levels during maturation of neural cells. The repressor, very high in the stem cells and early progenitors, drops rapidly during maturation
reaching the low levels at which repression of its target genes does no longer occur.
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tion of only a few neurosecretory genes [12–14]. Soon thereafter,
however, it became clear that the defect included additional pro-
cesses, for example the NGF-induce neurite outgrowth [15]. In con-
trast other processes, such as the expression of a regulated exocytic
vesicle, the enlargeosome, distinct from both the DCVs and the
synaptic-like vesicles, were found to lack in WT-PC12 cells, being
present in the defective clones [16]. In the ﬁrst overall study, car-
ried out by microarray analysis of 4200 gene expression, 190 were
found to be largely up-regulated and 226 down-regulated in the
defective clones. The down-regulated genes connected to neurose-
cretion were 22, encoding secretory proteins of the chromogranin
and secretogranin families, that in WT-PC12 are segregated within
the DCV lumen; proteins of the DCV and synaptic-like vesicle
membranes (synaptotagmins, synaptophysin, SVOP, SV2, ICA512,
the monoamine transporter vMAT1, dopamine-b-hydroxylase, the
vesicle SNAREs VAMP1 and 2) and the plasma membrane SNAREs,
SNAP25 and syntaxin1A. The only genes of the DCV membrane ex-
pressed at the same level in WT and defective PC12 clones were
those encoding proteins shared by other cell membranes, such as
the gene of the H+ pump vATPase, present also in endosomes and
lysosomes [17]. Recently, we have carried out an extensive RNA-
seq reinvestigation of the WT and defective clones. The results
have conﬁrmed and extended the microarray results identifying,
in the defective clones, almost 800 down-regulated genes out of
a total of over 13,000, including several genes encoding neurose-
cretory membrane proteins that had been missed in the previous
analyses (unpublished).
3. The DCV membrane defect is a consequence of high REST
In the initial studies in the ﬁeld, the WT and defective PC12
clones were characterized based on their structural and functional
differences. However, the cause(s) of these differences remained
undeﬁned. To clarify this issue, extensive studies were carriedout in our laboratory taking into account various transcription sys-
tems including REST, already identiﬁed as a key repressor of neural
cell-speciﬁc genes, abundant especially in undifferentiated or non-
neurally differentiated cells [7,8]. At the time, however, knowledge
about the repressor was still limited and the speciﬁc research tools
were not largely available. For quite some time, therefore, our ef-
forts remained unsuccessful.
The ﬁrst evidence for a role of REST emerged from the studies of
Bruce et al. [18] who showed the expression of a number of speciﬁc
genes and the process of catecholamine release to be markedly re-
duced in WT-PC12 cells upon transfection of speciﬁc REST con-
structs. Soon thereafter Pance et al. demonstrated the defective
PC12 clone isolated in the laboratory [13] to express high levels
of REST [19]. In the Pance’s clone the transcription of a few DCV
genes was increased upon transfection of a dominant-negative
construct of REST. However, this increase was not followed by
the rescue of the encoded proteins, suggesting low REST to be nec-
essary, but not sufﬁcient for the expression of the PC12 phenotype
[19]. Our subsequent studies [20] conﬁrmed part of the data of [18]
and [19] and expanded our knowledge about the role of REST. In
our defective clones the mRNA levels of the repressor were found
to exceed those of WT-PC12 by 50 to 60-fold while the levels of
12 neurosecretory REST targets were decreased, ranging however
from 3 to 50-fold (Fig. 1(c) and (d)). At variance with the data of
[19] we found that REST does not govern only the expression of
the neurosecretion genes. Rather, it does affect in parallel also
the expression of the encoded proteins as well as the appearance
of DCVs within the cell. Transfection of dominant positive con-
structs in the WT clones, and of the DNA binding domain of REST
in the defective clones resulted in the attenuation and the partial
rescue of neurosecretion, respectively (Figs. 3 and 4) [20]. Taken
together, our expression results complemented the previous
macroarray studies [17] demonstrating that, out of the 12 genes
investigated, only one was repressed indirectly while 11 were di-
rect targets of REST repression. In view of the variability of their
1918 R. D’Alessandro, J. Meldolesi / FEBS Letters 587 (2013) 1915–1922repression, however, also the changes of the levels, properties and
functions of their encoded proteins were variable [20].
In conclusion, the differential properties characterized in the
PC12 clones with and without neurosecretion depend largely on
their different levels of REST. In WT-PC12 cells REST is very low,
similar to the level reached during differentiation by neurons and
chromafﬁn cells; in the defective clones it is much higher, similar
to the level of stem cells and of most non-neural cells [7,8]. These
differences should not be considered as static epigenetic properties
of the cells. REST, in fact, is a fast turnover protein, dynamically
controlled in its expression both at the transcriptional and, espe-
cially, the post-translational level [21]. As a consequence, ﬂuctua-
tions of the repressor levels can occur. For example, the levels of
REST increase several fold upon prolonged stimulation of neurons,
with ensuing attenuation of at least some of their speciﬁc proper-
ties [22 and unpublished]. In the brain tissue, some of the astro-
cytes exhibit the expected high levels of REST while others
exhibit levels as low as those of neurons. Interestingly, only the
low-level astrocytes exhibit DCVs and discharge them upon stimu-
lation [5]. Finally, high REST has been shown to play the role of
oncogene in neural cells, of tumor suppressor in non-neural cells
[23]. The high level of the repressor present in the defective
PC12 clones, therefore, does not appear as a unique curiosity but
as a permanent disregulation of a setting system that, in the other
cells, appears accurately regulated.
4. Is REST involved in the control of DCV assembly?
The results reported in the previous section demonstrate that
indeed REST controls the expression of the DCV genes and of their
encoded proteins. Is the lack of these proteins in the high-REST
PC12 cells the only cause of their lack of DCVs? In other words,
is the competence for DCV expression maintained or not in the
high-REST PC12 that lack the proteins of the organelle? The
present evidence, although only partial, suggests the latter to be
not the case. In fact, when DCV proteins were transfected in theFig. 3. WT-PC12 clone. Differential expression of neurosecretion genes. The image to the
the isolated subclone 10. The ensuing increases of the mRNA and protein of REST are o
(compare to Fig. 1). On the right are the changes that the 4-fold increases of REST induce
control clone transfected with the empty construct. Notice that the genes encoding the lu
repressed while the genes encoding various membrane proteins (synaptotagmin 1, s
repressed, whereas VAMP2 and syntaxin1A, together with Rab3A, are almost unaffecteddefective PC12 clones they were mistargeted to various organelles
as observed also in non-neurosecretory cells: the secretory chro-
mogranins A and B ended up in the constitutive secretion vesicles;
dopamine-b-hydroxylase and synaptotagmin 1 in lysosomes and
the plasma membrane, respectively [2,4,12,13,20]. These results
suggest that the correct DCV assembly occurs in a speciﬁc sub-
compartment of the TGN that exists only in neurosecretory cells.
In this sub-compartment the proteins destined to DCVs are sorted
from the other components in transit, such as the proteins destined
to constitutive secretion vesicles and lysosomes. If the targeting to
this sub-compartment does not occur, the proteins are missorted
to other structures.
During the last 25 years the biogenesis of DCVs has attracted
great attention, however most of the studies were focused on the
generation of the dense core of the vesicle and not on the genera-
tion of the membrane. Within the DCV lumen the secretory pro-
teins are aggregated to form the core. As reported in the various
reviews of Tooze [see Section 3], the most widely accepted hypoth-
esis, the sorting for entry hypothesis, is that the core proteins are
ﬁrst sorted to the sub-compartment where their aggregation be-
gins, driven by the acidic environment, the high Ca2+ and possibly
the interaction/metabolism with and by local proteins such as the
prohormone convertases. Among the various secretory proteins,
chromogranin A has been reported to play the key role for aggrega-
tion, inducing the assembly of DCVs even in incompetent cells [24].
Subsequent studies have shown, however, that in the latter cells
the dense organelles containing chromogranin A were not DCVs
but lysosomes [4]. Other studies have come to the conclusion that
the proteins important for aggregation are chromogranin B [25]
and/or pro-secretogranin II [26]. The other secretogranins (III, V
and VI) and the long list of peptides and enzymes residing at low
levels within the granules may not play as important structural
roles. Recent data have shown that chromafﬁn granules, although
atypical and of large size, assemble even in mice KO for both chro-
mogranin A and B [27]. In conclusion, the competence for the
assembly of the dense core of DCVs in the TGN subcompartmentleft speciﬁes the stable transfection of a full length REST construct tagged by Myc in
f over 4-fold, i.e., 15-fold smaller than the levels of REST in the defective clones
in the expression of 10 genes involved in DCV secretion, expressed with respect to a
menal proteins of DCVs, chromogranins A and B and also secretogranin II, are greatly
ynaptophysin, ICA512) are less affected. Of the SNAREs, SNAP25 is considerably
. Reproduced from [20].
Fig. 4. Defective PC12 clone (PC12–27). Effects of the stable transfection with a construct including the DNA-binding domain of REST (competing for RE-1 binding) combined
with a prolonged treatment with a blocker of histone deacetylase, trichostatin A. The top panels illustrate the changes induced by the combined transfection/treatment on the
expression (mRNA and protein) of the genes of DCVs and exocytosis. The numbers over the bars refer to the values in the high REST clone before (PC12-27) and after (PC12-
27/DBD5) the transfection/treatment, expressed as % of the WT-PC12 data. Panel (a) shows the genes more repressed by REST. Notice that the increases induced by the
transfection/treatment are small but appreciable in all cases. Panel (b) refers to the genes repressed by REST to a lower extent. Notice the variability of the results and the
dissociation between some mRNA and protein data, visible especially with ICA512 and Rab3A, suggestive of an important post-trascriptional regulation of expression. At the
bottom, panels (d) and (e) show the rescue, in the transfected/treated cells, of DCVs that are positive for chromogranin B immunolabeling (f). The bar in (e), valid also for (d), is
of 0.3 lm, that in (f) is 0.05 lm. Panel (c) shows the immunolabeling for both chromogranin B and synaptotagmin 1 in small dots scattered in the cytoplasm (= the rescued
DCVs). Panels (g) and (h) show the immunolabeling for the same antigens at the surface of the cell: the pattern was negative when the cells were analyzed at rest (g); it
became positive, documenting the DCV exocytosis, upon 1 min treatment with the Ca2+ ionophore, ionomycin (2 lm). The bar in (c), valid also for (g) and (h), is of 3 lm.
Reproduced from [20].
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various lumenal proteins, molecularly quite different from each
other, and on their mixtures.
For DCV membrane assembly the most important process ap-
pears to be the surface remodeling taking place at the level of
immature DCVs. The process is governed by coated vesicles of
the Golgi type, composed by clathrin associated with the adaptor
complex protein AP-1 and with the GGA proteins. Speciﬁcally,
the coated vesicles appear to segregate from other domains of
the immature DCVmembrane, ﬁshing out the the non-DCV compo-
nents of TGN origin still associated with the membrane [3,28,29].
Among the non-DCV components are the M6P receptor and the
furin enzyme which are destined to trafﬁc to constitutive vesicles;
the SNAREs VAMP4 and syntaxin6 together with synaptotagmin IV,
that are responsible for the membrane fusions taking place during
DCV maturation, governing the homotypic fusion of immature
DCVs and also the trafﬁc of coated vesicle. In fact, the SNAREs
and VAMP4 are removed not at the early phases but at the endof the maturation process. Remodeling results also in the DCV
membrane enrichment of cholesterol and gangliosides, a property
of importance for its rigidity and curvature. Among the factors that
regulate the remodeling process are various G proteins such as the
monomeric Rab3s, and at least two GEFs, trio and kalirin [30–32].
The maturation of the DCV membrane might not be independent
from that of the core. The removal by coated vesicles of membrane
domains destined to the DCVs appears to be precluded also by the
interaction of the luminal domain of their transmembrane proteins
with the surface of the dense-core. Finally, the decrease of the
membrane area, taking place during maturation as a consequence
of the pinching off of coated vesicles, would not only increase the
speciﬁcity, but also decrease the volume of maturing DCVs, thus
favoring the aggregation of the segregated core proteins [6].
So farwehave discussed themechanisms of DCV assembly, how-
ever not whether this process is regulation by REST. The absence of
DCVs in the high-REST cells (defective PC12, Fig. 1(b), and non-
neurosecretory cells) and the mistargeting of neurosecretion
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most likely the case. In fact the assembly does not appear to depend
on the genes encoding proteins that have roles in the immature DCV
membrane remodeling because,with the exception of Rab 3A [7], all
of them are expressed at WT levels in the high-REST PC12 cells
(unpublished). Some informationwas obtained by taking advantage
from the different sensitivity to repression of the various REST tar-
get genes. In WT-PC12 in which the REST level had been increased
of 4-fold by transfection of a full length construct, the chromogran-
ins were repressed almost completely whereas some membrane
proteins were prominent (Fig. 3). In these cells the DCVs, although
of smaller volume (75%), were still present. Their exocytic re-
sponse induced by a Ca2+ increase appeared largely normal [20].
In defective PC12 in which REST repression had been decreased to
a moderate extent by the stable transfection of a DNA binding do-
main construct, bona ﬁde DCVs remained lacking, yet clear vesicles
positive for synaptotagmin1, scattered in the cytoplasm, were dis-
charged by exocytosis upon stimulation [20]. Although the latter re-
sults are still preliminary, they seem to suggest the synaptotagmin
1-positive vesicles to be DCVs defective of their dense-core. Accord-
ing to this interpretation, this ‘‘empty form’’ of DCVs would be due
to the assembly of the proteins with lower sensitivity to REST
repression compared to chromogranins. In order to conﬁrm this
possibility various aspects of the process remain to be investigated:
whether the assembly of the ‘‘empty DCVs’’ requires the existence,
in the cell, of the TGN sub-compartment discussed above, where
the assembly of intact DCVs appears to take place; whether a single,
or a few, other membrane proteins need to be co-expressed with
synaptotagmin1;whether speciﬁc regulatory factor(s), not yet iden-
tiﬁed, are necessary; and so on.
5. DCV membrane function: transmembrane transport
processes
Various types of transport, of ions, nucleotides and neurotrans-
mitters, take place across the DCV membrane. The most important
ion is calcium. Its high level in the DCV lumen (50–100 mM) is of
great importance for protein aggregation. Studies with aequorin
have shown the free Ca2+ concentration to be 50–100 lM, the
rest being bound primarily to the low afﬁnity binding proteins,
chromogranins and secretogranins. The DCV Ca2+ pool appears to
be dynamic, therefore its import needs to occur continuously,
apparently via ATPases of the SERCA and SPCA type [33]. These
ATPases are not speciﬁc of DCVs but occur primarily in the ER
and Golgi complex, two structures fully active also in the high-
REST cells. Therefore their encoding by genes insensitive to REST,
recently observed (unpublished), is not surprising.
Other molecules of the DCV lumen are transported across the
membrane not by ATPases but by electrogenic exchangers ener-
gized by the steep electrochemical gradient established by the H+
pump vATPase. Expression of the nucleotide transporter of ATP
[34] is independent, whereas the expression of the monoamine
transporter vMAT1, predominant in the rat chromafﬁn cells and
PC12, is highly dependent on REST. Vesicular transporters of other
amines, such as histamine and serotonin, do not appear to be pres-
ent in the DCV membranes of PC12 cells. Dopamine-b-hydroxylase
[17,20 and unpublished], the enzyme necessary for the conversion
of dopamine to noradrenaline, which is associated with the lumi-
nal surface of the DCV membrane, is in contrast expressed and
down-regulated by REST. In conclusion, the REST dependence of
molecular transport across the DCV membrane is not general but
appears restricted to catecholamines, the physiologically key neu-
rotransmitter molecules accumulated within the vesicle. When the
level of REST increases, the catecholamine content of DCVs is pro-
gressively decreased up to its complete disappearance.6. DCV membrane function: the exocytic discharge
The ﬁnal step of the DCV membrane function discussed here is
its fusion with the plasma membrane by a regulated exocytosis
process. Before undergoing fusion the vesicles need to be appropri-
ately processed by cytoskeleton remodeling followed by a series of
interactive events between their membrane and the cytosolic face
of the plasma membrane. These events are referred to as tethering,
direct docking and priming for fusion. The proteins participating in
these processes (including Munc13, Munc 18a, complexin and sna-
pin), which may be common to other membrane fusions taking
place within and at the surface of the cell [35–38], appear to be
all encoded by genes little sensitive to REST [17].
The situation changes with the proteins of the exocytic fusion
machinery, the SNAREs, that assemble the channel through which
the continuity of the fusing DCVs and plasma membranes is estab-
lished: VAMP2, the SNARE of DCVs; SNAP25 and syntaxin1A, the
two SNAREs of the plasma membrane [39,40]. The genes encoding
these proteins are all repressed by REST, however to different de-
grees [17,20]. Transcription of the SNAP25 gene is extensively re-
pressed even by few fold increases of REST over the WT-PC12
level; syntaxin1A requires higher levels of REST for repression;
VAMP2 is still 22% active in the high-REST PC12 clones (Figs. 3
and 4) [17,20 and unpublished]. Proteins of the DCV membrane,
such as SVOP, SV2 and ICA, are also repressed, and the same is true
for the soluble monomeric G protein, Rab 3A [17,20 and unpub-
lished], whose association to the DCV membrane is necessary for
the exocytosis to take place. The other DCV membrane proteins
playing critical roles in regulated exocytosis, the Ca2+ sensors of
the synaptotagmin family, are also repressed by REST, although
to variable extents, and the same occurs with the voltage-gated
Ca2+ channels of the plasma membrane distributed in the proxim-
ity of the exocytic sites [17,20 and unpublished]. When the REST
repression is decreased to a large extent, bona ﬁde DCVs fully com-
petent for exocytosis are rescued (Fig. 4(c–h)). Because of all these
properties there is no doubt that, in high-REST PC12 cells, neurose-
cretion is repressed by REST not only at the site of DCV assembly,
as discussed previously, but also at the site of their exocytic fusion.
In order the block of exocytosis to be complete, however, the REST
levels should be very high. At lower levels, in fact, some exocytosis
may still occur. An example are the ‘‘empty DCVs’’ negative for
chromogranin A and positive for synaptotagmin that assemble
when the activity of REST is intermediate between those of WT
and high-REST PC12, as we already mentioned. The exocytosis of
these vesicles, taking place upon cell stimulation [20], could occur
because the repressed SNARE, SNAP25, can be replaced by its
homologue, SNAP23 [40], which is not a target of the repressor
[17].
7. Conclusion
The results of the last few years, including those obtained by the
parallel study of pheochromocytoma PC12 cell clones expressing
much different levels of REST, demonstrate the low REST typical
of WT neural cells to be the cause for the expression of the proteins
speciﬁc of the DCV membrane, for their assembly and for their
functions. Although not presented in this review, REST appears to
operate similarly also for the membrane of the other neurotrans-
mitter release organelle of neural cells, the synaptic/synaptic-like
or clear vesicles [18,20].
A concern that was often raised to question this conclusion was
that the supportive results, by us and others, had been obtained
working not with tissue neural cells, such as neurons and chromaf-
ﬁn cells, but with clones of a cell line, possibly characterized by pe-
culiar properties. We believe in contrast that the data we have
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of the DCV membrane do not apply to the PC12 line and its clones
only but are of general validity. Even the cells of the defective PC12
clones are not curiosities but solid research models. These cells, in
fact, grow and function as normal, healthy cells [41]. Their synthe-
sis and intracellular trafﬁc, and even the fusions of membranes
other than those of DCVs and synaptic-like vesicles appear normal.
At the level of the plasma membrane, the defective PC12 cells are
fully competent for exocytic processes, not only constitutive, but
also regulated, via the participation of SNAREs other than those
of DCVs and synaptic-like vesicles. Moreover, the defective PC12
cells appear competent endocytosis. Finally, their defects can be
rescued by the decrease of their REST repression (Fig. 4(c–h)) or
by the expression of single REST targets [14,16,20]. For example,
the neurite outgrowth induced by NGF, which is lacking in these
cells (15), is rescued by the expression of p75NTR, a neurotrophin
receptor repressed by REST [17 and submitted]. On the other hand,
the data obtained with the PC12 clone model agree with data ob-
tained with a growing number of other cells, of cultured lines
and of tissues, published [5,23,41] or not yet.
As already mentioned, REST is a protein of fast turnover [21]. Its
levels can change or ﬂuctuate even without major changes of its
regulatory settings. Signiﬁcant increases, therefore, can occur in
neural cells not only in pre-necrotic states [42], but also in physi-
ological conditions such as during may hours of stimulation. The
consequences of these increases, for example the reduction of
excitability and of neurosecretion, or the changes in cell metabo-
lism, appear to be relevant resulting in a protection of neural cells.
Taken together they could result in fact in an attenuation of signal-
ing across the plasma membrane and across the intracellular mem-
branes, with decreased chances of both apoptosis and necrosis
[22,43,44]. Expression and functioning of the DCV membranes par-
ticipate therefore in a dynamic framework of events taking place in
the cell under the govern of REST. Depending on its level the role of
REST can vary from the repression of the DCV/membrane as a
whole, to the repression of some, but not all membrane compo-
nents, to a subtle regulation of the molecular properties of mem-
branes and other structures participating in the overall
functioning of neural cells.
Acknowledgments
We are grateful to the colleagues who participated in the stud-
ies of the laboratory reported here, in particular Maria Luisa Malo-
sio, Barbara Borgonovo, Emanuele Cocucci, Andijana Klajn, Ilaria
Prada and Sara Negrini. We also thank Gabriella Racchetti for the
continuous assistance and support.
References
[1] Eaton, B.A., Haugwitz,M., Lau, D. andMoore, H.P. (2000) Biogenesis of regulated
exocytotic carriers in neuroendocrine cells. J. Neuriosci. 20, 7334–7344.
[2] Meldolesi, J., Chieregatti, E. and Malosio, M.L. (2004) Requirements for the
identiﬁcation of dense-core granules. Trends Cell Biol. 14, 13–19.
[3] Morvan, J. and Tooze, S.A. (2008) Discovery and progress in our understanding
of the regulated secretory pathway in neuroendocrine cells. Biochem. Cell Biol.
129, 343–352.
[4] Malosio, M.L., Giordano, T., Laslop, A. and Meldolesi, J. (2004) Dense-core
granules: a speciﬁc hallmark of the neuronal/neurosecretory cell phenotype. J.
Cell Sci. 117, 743–749.
[5] Prada, I., Marchaland, J., Podini, P., Magrassi, L., D’Alessandro, R., Bezzi, P. and
Meldolesi, J. (2011) REST/NRSF governs the expression of dense-core vesicle
glyosecretion in astrocytes. J. Cell Biol. 193, 537–549.
[6] Tooze, S.A. (1998) Biogenesis of secretory granules in the trans-Golgi network
of neuroendocrine and endocrine cells. Biochim. Biophys. Acta 1404, 231–244.
[7] Ballas, N. and Mandel, G. (2005) The many faces of REST oversee epigenetic
programming of neuronal genes. Curr. Opin. Neurobiol. 15, 500–506.
[8] Ooi, L. and Wood, I.C. (2007) Chromatin crosstalk in development and disease:
lessons from REST. Nat. Rev. Genet. 8, 544–554.
[9] Johnson, R., Teh, C.H., Kunarso, G., Wong, K.Y., Srinivasan, G., Cooper, M.L.,
Volta, M., Chan, S.S., Lipovich, L., Pollard, S.M., Karuturi, R.K., Wei, C.L., Buckley,N.J. and Stanton, L.W. (2008) REST regulates distinct transcriptional networks
in embryonic and neural stem cells. PLoS Biol. 6, e256.
[10] Greene, L.A. and Tischler, A.S. (1976) Establishment of a noradrenergic clonal
line of rat adrenal pheochromocytoma cells which respond to nerve growth
factor. Proc. Natl. Acad. Sci. USA 73, 2424–2428.
[11] Bitler, C., Zhang, M. and Howard, B.D. (1986) PC12 variants deﬁcient in
catecholamine transport. J. Neurochem. 47, 1286–1293.
[12] Corradi, N., Borgonovo, B., Clementi, E., Bassetti, M., Racchetti, G., Consalez,
G.G., Huttner, W.B., Meldolesi, J.& Rosa, P., J. and Rosa, P. (1996) Overall lack of
regulated secretion in a PC12 variant cell clone. J. Biol. Chem. 271, 27116–
27124.
[13] Pance, A., Morgan, K., Guest, P.C., Bowers, K., Dean, G.E., Cutler, D.F. and
Jackson, A.P. (1999) A PC12 variant lacking regulated secretory organells:
aberrant protein targeting and evidence for a factor inhibiting neuroendocrine
gene epression. J. Neurochem. 73, 21–30.
[14] Borgonovo, B., Racchetti, G., Malosio, M.L., Benfante, R., Podini, P., Rosa, P. and
Meldolesi, J. (1998) Neurosecretion competence, an independently regulated
trait of the neurosecretory cell phenotype. J. Biol. Chem. 273, 34683–34686.
[15] Leoni, C., Menegon, A., Benfenati, F., Toniolo, D., Pennuto, M. and Valtorta, F.
(1999) Neurite extension occurs in the absence of regulated exocytosis in
PC12 subclones. Mol. Biol. Cell 10, 2919–2931.
[16] Borgonovo, B., Cocucci, E., Racchetti, G., Podini, P., Bachi, A. and Meldolesi, J.
(2002) Regulated exocytosis: a novel, widely expressed system. Nat. Cell Biol.
4, 955–962.
[17] Grundschober, C., Malosio, M.L., Astolﬁ, L., Giordano, T., Nef, P. and Meldolesi,
J. (2002) Neurosecretion competence. A comprehensive gene expression
program identiﬁed in PC12 cells. J. Biol. Chem. 277, 36715–36724.
[18] Bruce, A.W., Krejci, A., Ooi, L., Deuchars, J., Wood, I.C., Dolezal, V. and Buckley,
N.J. (2006) The transcriptional repressor REST is a critical regulator of the
neurosecretory phenotype. J. Neurochem. 98, 1828–1840.
[19] Pance, A., Livesey, F.J. and Jackson, A.P. (2006) A role for the transcriptional
repressor REST in maintaining the phenotype of neurosecretory-deﬁcient
PC12 cells. J. Neurochem. 99, 1435–1444.
[20] D’Alessandro, R., Klajn, A., Stucchi, L., Podini, P., Malosio, M.L. and Meldolesi, J.
(2008) Expression of the neurosecretory process in PC12 cells is governed by
REST. J. Neurochem. 105, 1369–1383.
[21] Guardavaccaro, D., Frescas, D., Dorrello, N.V., Peschiaroli, A., Multani, A.S.,
Cardozo, T., Lasorella, A., Iavarone, A., Chang, S., Hernando, E. and Pagano, M.
(2008) Control of chromosome stability by the beta-TrCP-REST-Mad2 axis.
Nature 452, 365–369.
[22] Hu, X.L., Chengm, X., Cai, L., Tan, G.H., Xu, L., Feng, X.Y., Lu, T.J., Xiong, H., Fei, J.
and Xiong, Z.Q. (2011) Conditional deletion of NRSF in forebrain neurons
accelerates epileptogenesis in the kindling model. Cereb. Cortex 21, 2158–
2165.
[23] Negrini, S., Prada, I., D’Alessandro, R. and Meldolesi, J. (2013 Feb 13) REST: an
oncogene or a tumor suppressor? Trends Cell Biol.. Doi: S0962-
8924(13)00008-1.
[24] Kim, T., Tao-Cheng, J., Eiden, L.E. and Loh, Y.P. (2001) Chromogranin A, an on/
off switch controlling dense-core secretory granule biogenesis. Cell 106, 499–
509.
[25] Hu, Y.H., Jeon, S.H. and Yoo, S.H. (2003) Chromogranin B-induced secretory
granule biogenesis: a comprehensive gene expression program identiﬁed in
PC12 cells. J. Biol. Chem. 278, 40581–40589.
[26] Courel, M., Soler-Jover, A., Rodriguez-Flores, J.L., Mahata, S.K., Elias, S.,
Montero-Hadjadjie, M., Anouar, Y., Giuly, R.J., O’Connor, D.T. and Taupenot,
L. (2010) Pro-hormone secretogranin II regulates dense core secretory granule
biogenesis in catecholaminergic cells. J. Biol. Chem. 285, 10030–10043.
[27] Diaz-Vera, J., Camacho, M., Machado, J.D., Domingueaz, N., Montesinos, M.S.,
Hernandez-Feraud, J.R., Lulan, R. and Borges, R. (2012) Chromogranins A and B
are key proteins in amine accumulation, but the catecholamine secretory
pathway is conserved without them. FASEB J. 26, 430–438.
[28] Ahras, M., Otto, G.P. and Tooze, S.A. (2006) Synaptotagmin IV is necessary for
the maturation of secretory granules in PC12 cells. J. Cell Biol. 73, 241–251.
[29] Dittié, A.S., Hajibagheri, N. and Tooze, S.A. (1996) The AP-1 adaptor complex
binds to immature secretory granules from PC12 cells, and is regulated by
ADP-ribosylation factor. J. Cell Biol. 132, 523–536.
[30] Ferraro, F., Ma, X.M., Sobota, J.A., Eipper, B.A. and Mains, R.E. (2007) Kalirin/
Trio rho guanine nucleotide exchage factors regulate a novel step in secretory
granule maturation. Mol. Biol. Cell 18, 4813–4825.
[31] Schonn, J.S., Weering, J.R., Mohrmann, R., Schluter, O.M., Sudhof, T.C., deWit,
H., Verhage, M. and Sorensen, J.B. (2010) Rab3 proteins involved in vesicle
biogenesis and priming in embryonic mouse chromafﬁn cells. Trafﬁc 11,
1415–1428.
[32] Kögel, T., Rudolf, R., Hodneland, E., Copier, J., Regazzi, R., Tooze, S.A. and
Gerdes, H.H. (2013) Rab3D is critical for secretory granule maturation in PC12
Cells. PLoS ONE 8, e5732.
[33] Santodomingo, J., Vay, L., Camacho, M., Hernandez-Sanmiguel, E., Fonteriz, R.I.,
Lobaton, G.D., Montero, M., Moreno, A. and Alvarez, J. (2008) Calcium
dynamics in bovine adrenal medulla chromafﬁn cell secretory granules. Eur.
J. Neurosci. 28, 1265–1274.
[34] Sawada, K., Echigo, N., Juge, N., Miyaly, T., Otsuka, M., Omote, H., Yamamoto, A.
and Moriyama, Y. (2008) Identiﬁcation of the vesicular nucleotide transporter.
Proc. Natl. Acad. Sci. USA 105, 5683–5686.
[35] Sugita, S. (2008) Mechanisms of exocytosis. Acta Physiol. 192, 185–193.
[36] Hertzog, M. and Chavrier, P. (2011) Cell polarity during motile processes:
keeping on track with the exocyst complex. Biochem. J. 433, 403–409.
1922 R. D’Alessandro, J. Meldolesi / FEBS Letters 587 (2013) 1915–1922[37] Ory, S. and Gasman, S. (2011) Rho GTPases and exocytosis: what are the
molecular links? Semin. Cell Dev. Biol. 22, 27–32.
[38] De Curtis, I. and Meldolesi, J. (2012) Cell surface dynamics – how Rho GTPases
orchestrate the interplay between the plasma membrane and the cortical
cytoskeleton. J. Cell Sci. 125, 4435–4444.
[39] Jahn, R. and Scheller, R.H. (2006) SNAREs-engines for membran fusion. Nat.
Rev. Mol. Cell. Biol. 7, 631–643.
[40] Sorensen, J.B., Nagy, G., Varoqueaux, F., Nehring, R.B., Brose, N., Wilson, M.C.
and Neher, E. (2003) Differential control of the releasable vesicle pools by
SNAP25 splice variants and SNAP23. Cell 114, 75–86.
[41] Tomasoni, R., Negrini, S., Fiordaliso, S., Klajn, A., Tkatch, T., Mondino, A.,
Meldolesi, J. and D’Alessandro, R. (2011) REST, TSC2 and b-catenin,interconnected in a signaling loop, govern proliferation and functions of
PC12 neural cells. J. Cell Sci. 124, 3174–3186.
[42] Calderone, A., Jover, T., Noh, K.M., Tanaka, H., Yokota, H., Lin, Y., Grooms, S.Y.,
Regis, R., Bennett, M.V. and Zukin, R.S. (2003) Ischemic insults derepress the
gene silencer REST in neurons destined to die. J. Neurosci. 23, 2112–
2121.
[43] Cai, L., Bian, M., Liu, M., Sheng, Z., Suo, H., Wang, Z., Huang, F. and Fei, J. (2011)
Ethanol-induced neurodegeneration in NRSF/REST neuronal conditional
knockout mice. Neuroscience 81, 196–205.
[44] Yu, M., Suo, H., Liu, M., Cai, L., Liu, J., Huang, Y., Xu, J., Wang, Y., Zhu, C., Fei, J.
and Huang, F. (2013) NRSF/REST neuronal deﬁcient mice are more vulnerable
to the neurotoxin MPTP. Neurobiol. Aging 34, 916–927.
